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Abstract

Applied-field magnetoplasmadynamic (MPD) thruster performance is below levels required for primary propulsion
missions. While MPD thruster performance has been found to increase with the magnitude of the applied-field
strength, there is currently little understanding of the impact of applied-field shape on thruster performance. This
paper presents the results of a study in which a single applied-field thruster was operated using three solenoidal
magnets with diameters of 12.7, 15.2, and 30.4-cm. Thruster voltage and anode power deposition were measured for
each applied-field shape over a range of field strengths. Plume electron number density and temperature distributions
were measured using a Langmuir probe in an effort to determine the effect of field shape on plume confinement by
the diverging magnetic-field for each of the three magnetic field shapes. Results show that the dependence of the
measured thruster characteristics on field shape were non-monotonic and that the field shape had a significant effect
on the plume density and temperature profiles.

Nomenclature

a probe arm length, cm n, electron number density, m-3
Ap probe area, m? - n; ion number density, m-3

A sheath surface area, m2 P, anode power, kW

B magnetic field, T Pr total power, kW

S specific heat of water, kI/kgK R probe radius, m

e electron charge, C T radial location of probe, cm
E electric field, V/m TLe electron Larmor radius, m

I. probe electron current, A t time, s

L probe ion current, A AT temperature change, C

je electron current density, A/m? T, electron temperature, K

i ion current density, A/m? T; ion temperature, K

it normalized ion current v electron thermal velocity, m/s
J thruster current, A Vp probe velocity, cm/s

k Boltzmann’s constant,1.38 x 10-23 J/K v thruster voltage, V

m mass flow rate, kg/s vV plasma potential, V

me electron mass, kg z axial distance, cm

m; ion mass, kg z charge number
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r ion mass flux, kg/s

AD Debye length, m

@ non-dimensionalized mass flux
Op permittivity of free space
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MPD thrusters may become competitive with
chemical and other electric propulsion technologies for
future primary electric propulsion applications such as

research into understanding the electrode and intemnal
plasma losses,!2-14 little effort has been expended in
examining the losses associated with the plasma
confinement by the applied-magnetic field lines.

This paper presents preliminary results from an effort
to identify the effects of the applied magnetic-field shape -
on the thruster discharge voltage, anode power-fraction,
and plume electron density and temperature profiles. A
qualitative evaluation of plasma confinement by the
applied magnetic-field is also presented.

PD_Thruster Syste

low-power orbit raising and manuevering missions.
Characterized by high specific impulse, high thrust
density, and system simplicity, MPD thrusters will be
suitable for these types of missions if the power-to-
thrust conversion efficiency can be increased to over
40%.1.2 However, current thruster efficiencies are below
30% and research efforts are focused on increasing this
value.

Figure 1 shows a cutaway schematic of an applied-
field MPD thruster. The propellant is injected through
the backplate and ionized in the annular region between
electrodes. The charged particles are then accelerated by
the Lorentz forces generated by the interaction of the
discharge current with both the self-induced and applied
magnetic-fields. While the self-field acceleration
mechanisms are present in both the self-field and the
applied-field MPD thrusters, the addition of an applied-
field results in both the addition of azimuthal kinetic
energy to the propellant flow, which can be converted to
axial kinetic energy,3 and in the formation of a
magnetic nozzle, which can convert thermal energy to
axial kinetic energy.4 The magnetic nozzle functions by
confining the plasma within magnetic flux tubes during
the expansion process. It is not known which of these
phenomena dominate the acceleration process in applied-
field thrusters. Note, however, that if the plasma in the
nozzle were to rigidly follow the magnetic flux tubes,
thrust would be lost because the field lines must
ultimately close. Theoretical studies have indicated that
the shape of the applied-field plays a role in establishing
the efficiency of the plasma separation and magnetic-
nozzle processes.3-7 ‘

Previous studies have shown that MPD thruster
performance improves with increasing power level and
applied-magnetic field strength.2.8 Steady-state applied-
field thrusters have consistently shown performance
levels higher than those of self-field devices.?-11
Although there has been a considerable amount of

" “The MPD thruster cathode was 0.64-cm in radius, 7.6-

cm-long, and made from 2% thoriated tungsten. The
anode was a coaxial 7.6-cm-long copper cylinder of
inner radius 2.54-cm. As shown schematically in
Figure 1, both electrodes were water-cooled. The anode
was cooled using azimuthal passages in the wall. The
cathode was cooled at the base by a water-cooled copper
cathode clamp. Propellant was injected through a boron
nitride backplate via a 0.16-cm-wide annulus
surrounding the cathode and twenty-four 0.16-cm
diameter holes at the mid-radius between the cathode and
anode. All gas seals were made using 0.05-cm-thick
graphite gaskets.

The thruster was tested with three different water-
cooled magnets with inner diameters of 12.7, 15.2, and
30.4-cm. The largest diameter magnet was 17.8-cm-
long and consisted of 45 turns of 1.27-cm diameter
copper tubing. The 15.2-cm diameter magnet was
approximately the same length, used the same size
tubing, and had the same number of turns as the 30.4-
cm diameter magnet. The 12.7-cm diameter magnet
consisted of 24 turns of 1.27-cm diameter tubing. Each
magnet was aligned flush with the thruster’s exit plane
during testing. The magnets were calibrated using a
Hall probe to measure the magnetic field strength at five
azimuthal locations on the thruster exit plane as the
magnet current was varied. Iron-filing maps were made
for all geometries to determine the magnetic-field shape.
The magnetic field line originating at a radius of 2.1-cm
from the centerline at the exit plane was chosen to
define a magnetic flux tube used for plasma confinement
studies. This initial radius was chosen because it was
located between the electrodes and it was the easiest to
trace for all magnet geometries. Figure 2 shows the
flux tube radius versus axial position for all three
geometries. As expected, the flux tube for the smallest
magnet diverged most rapidly, with the flux tube radius
increasing from 2.1-cm to 7-cm at an axial distance of



14-cm from the thruster exit plane. The expansion area
ratios for the three magnets corresponding to the flux
tube radii shown in Figure 2 are 11, 5, and 3,
respectively, at an axial distance of 14-cm from the
thruster exit plane.

Test Facility

All tests were conducted using a 1-m diameter by 1-m-
long test port which is connected to a 4.5-m diameter
by 18.3-m long vacuum tank. The thruster was
mounted on a platform which was extended into the
main tank through a 1-m diameter gate valve using a set
of door slides. The chamber was pumped by a 41 m2
helium cryopanel system. The cryopump provided a
pumping speed of 2x105 Vs at the port with argon
propellant.15 The tank pressure was maintained below
0.026 Pa during testing with a nominal argon flow rate
of 0.10 g/s. Two ionization gauges located on opposite
ends of the tank were used to monitor the tank pressure.

The MPD thruster was powered by a series-parallel
ladder network of six welding supplies with an output
capability of 3000 A at 130 V. The applied magnetic
field coil was powered by a single welding supply
capable of providing up to 1500 A. All welding
supplies were isolated from ground. Thruster voltages
and currents were recorded continuously by display
meters and the computer-based data acquisition system.
The voltage and current measurement uncertainties were
+/-0.5 V and 5.0 A, respectively. The thruster and
magnet were water-cooled by two closed loop heat
exchangers, each providing flow rates up to 0.5 Us.
The water flow rate was measured using turbine flow
meters which were calibrated at regular intervals during
testing. The propellant was provided by two mass flow
controllers capable of 15 SLM. These were calibrated
for argon. Both controllers were calibrated at regular
intervals during testing and the deviation between
calibrations was never more than 1%. The mass flow
rate was accurate to +/- 0.005 g/s.

Diagnostics
The anode power was measured calorimetrically using
chromel-alumel thermocouples placed in the cooling
water inlet and outlet lines. The anode power was
calculated using:

PA = Il'le AT (1)

The accuracy of the water temperature measurements
was +/- 0.5 Celsius. The anode power-fraction was

calculated by dividing P4 by the total input power to
the thruster. Magnet power was not used in this power
balance.

The plume electron density and temperatures were
measured using a single Langmuir probe. The probe
was a 0.15-mm diameter, 0.7-cm-long, tungsten wire
mounted in a 0.20-cm outer diameter, 3.5-cm-long
ceramic cylinder. The probe was installed on a 38-cm
long water-cooled stainless steel arm as shown in
Figure 3. As shown in the figure, the probe rested
horizontally beneath the thruster between passes
through the plume. The probe arm length and axis of
rotation were chosen so that the probe passed through
the center of the plume as shown in Figure 4. The
probe motion system (PMS) used a DC-stepper motor-
driven linear actuator to provide the axial motion and a
30 V DC rotary motor to sweep the probe through the
plume at approximately 60 cm/s. The PMS and data
acquisition were controlled by a computer based
measurement and control system.

The Langmuir probe was biased with respect to the
vacuum tank wall using a bipolar amplifier driven by a
function generator as shown in Figure 5. The function
generator provided a 150-Hz triangle wave which ramped
between +5 and -15 volts. This frequency and probe
rotation speed provided a complete probe characteristic
every 2-mm across the probe path. Probe current and
voltage data were collected continuously at 150-kHz
resulting in 301 points per Langmuir probe
characteristic. Plasma properties were obtained at a
minimum of three axial distances from the exit plane
for all geometries. Figure 4 shows the geometry of the
probe with respect to the MPD thruster. The radial
location of the probe was calculated from the law of
cosines using:

r = a[ 2(1cos(vpt/a)) 112 2)

where a is the length of the probe arm and v, is the
probe velocity.

Because of the wide range in plasma conditions across
the plume, the Langmuir probe data were analyzed using
both simple thin-sheath probe theory and the more
general theory developed by Laframboise.16 This was
done to establish the limits of validity for thin-sheath
theory. To begin the data reduction, a voltage ramp
was identified for analysis. Figure 6 shows a typical
probe trace after subtraction of the average ion
saruration current from the entire trace. The data shown
were obtained using the 15.2-cm diameter magnet at a



field strength of 0.04 Tesla. This plot illustrates the
curve fit used to determine the electron temperature from
the electron-retarding region. As indicated in Figure 6,
it was common for the linear region to extend over a
current range of nearly two orders of magnitude. The
electron temperature was obtained from a least -squares
curve fit of In(-I.) versus the probe potential across the

electron-retarding region, which is linear with a slope of
e/kT,. Uncertainties associated with this analysis were
generally due to an inaccurate curve fit for the electron
temperature. Uncertainties can be minimized by
examining the plot and adjusting the number of points
in the region until the best fit is obtained. Once the
temperature was obtained, it was used with the electron
saturation current to calculate the electron number
density from:

N = je /[ZeAp(kTe/2nm, )12 ] 3)

In Laframboise’ model the value of r,/Ap and Ti/T,
must be known in order to use the fitting formulas
needed to calculate the electron and ion densities.16 For
all data presented, the ratio of T;/T, was assumed to be
1. The sensitivity of the analysis to this assumption
was tested by increasing and decreasing T;/T by a factor
of 10. The densities deviated by less than 20% from
those calculated assuming this ratio was 1. Since ry/Ap
depends on T, and n,, an iterative process was used in
the data reduction. The electron temperaturé was
calculated from the electron-retarding region as described
in the simple probe model above. The fitting formula
used to calculate the densitiy was given by: 16

ji*Ep2=(R2/co)(2mm; /e) 2 (e/kTe32(L /Ay (4)

where j;* is the ion current normalized with respect to
the random ion current evaluated at the electron
temperature. It should be noted that  was mistakenly
omitted in Reference 16. Although Laframboise’ theory
permits electron density calculations from both the
electron and ion saturation regions, the densities
calculated from the electron saturation region were used
for these analysis because this region, in general, could
be measured with the highest accuracy and should be
less sensitiive to changes in probe orientation with
respect to the flow velocity.

A potential problem with the Langmuir probe analysis
arises from the presence of the magnetic fields. To

neglect magnetic-field effects, the following condition
must be met:17

/R >>1 &)

For the highest magnetic-field strength used in these
tests, 0.14 T, this ratio was 0.3 at the exit plane. The
ratios of Equation 5 on the centerline at the two extreme
axial distances for which data was obtained, 4 and 19-
cm, were 0.45 and 1.7, respectively. The ratios for the
smallest magnetic-field strength, 0.04 T, at the same
locations were 1 and 6 at axial stations of 4 and 19-cm,
respectively. For this range of rp./r, the electron
saturation current is clearly being suppressed, so that
the measured electron density results are likely lower
than the true values.17 The uncertain nature of the
theories describing this phenomena precluded any
quantitative analysis.

Results and_PDiscussion

[hruster Characterijstics
The MPD thruster was operated at a discharge current

of 1000 A, an argon flow rate of 0.1 g/s, and with
applied-magnetic field strengths ranging from 0.03-0.14
Tesla. The reference axial magnetic-field strength was
measured on the centerline at the exit plane. The
thruster was ignited at the lowest field strength and
allowed to stabilize for several minutes before the
thruster and plume characteristics were recorded. The
magnetic-field strength was then increased to the next
value and allowed to stabilize before taking the next data
set.

Figure 7 shows a plot of the discharge voltage versus
applied-field strength for all three magnet geometries.
For all cases the discharge voltage increased nearly
linearly with increasing field strength. The thruster
conditions for the 15.2 and 30.4-cm diameter magnets
were very stable and reproducible. When testing with
the small, 12.7-cm diameter magnet, there was
considerable hysteresis in the thruster conditions, which
accounts for the large scatter in the data for this
geometry. The 15.2-cm magnet geometry yielded the
highest discharge voltage, 55 V, at an applied-field
strength of 0.14 Tesla. The results using the 15.2-cm
diameter magnet are consistent with a previous
investigation of geometric effects, in which a similar
anode-to-magnet ratio was used.8 The lowest discharge
voltage, 21.5 V, was obtained using the 30.4-cm
magnet geometry at 0.04 Tesla. The non-monotonic



behavior of the discharge voltage as a function of
magnet radius shown in Figure 7 suggests that the
applied-field shape can be optimized. The reasons for
the non-monotonic behavior are not clear and the results
are complicated by hysteresis in the operating
conditions.

In Figure 8a, the anode-power is shown for all three
geometries. For all three magnet diameters the anode-
power increased monotonically with increasing field
strength. As observed with the discharge voltage, the
results for the 15.2 and 30.4-cm diameter magnets were
stable and reproducible, but were not so when using the
12.7-cm diameter magnet. For this magnet
configuration, the measurement fluctuations were
particularly evident at 0.05 and 0.10 Tesla. While the
scatter in the results for the 12.7-cm diameter magnet
makes it impossible to conclusively identify trends, the
lower anode power was clearly obtained with the 30.4-
cm diameter magnet. The non-monotonic behavior
suggests that there is an optimum field shape for which
the anode-power can be minimized.

The thruster and anode power measurements were
combined to calculate the anode power-fraction which is
plotted versus the applied-field strength in Figure 8b.
For all geometries there was considerable scatter in the
results at the lowest field strengths. The anode power-
fraction generally decreased with increasing field
strength, though there was clear evidence of a plateau
for field strengths between 0.05 and 0.10 Tesla. The
bighest anode power-fraction was about 77% at an
applied-field strength of 0.03 Tesla using the 12.7-cm
magnet geometry. For both the 15.2 and 30.4-cm
magnet geometries, the highest anode power fraction
occured at the lowest field strength. These findings are
generally consistent with earlier studies.!! The lowest
power fraction was about 66% for the 15.2-cm magnet
geometry at a field strength of 0.14 Tesla.

Plume Characteristics

Typical measured electron density profiles for the three
magnet geometries are shown in Figures 9-11. The
magnitude of the centerline electron density decreased
and the width of the plume increased with increasing
axial distance for all cases. As shown in Figure 9, an
electron density of 3x1018 m-3 was obtained using the
12.7-cm magnet geometry at a field strength of 0.14
Tesla. Figure 10 shows the results for the 15.2-cm
magnet at a field strength of 0.04 Tesla, which yielded
the highest electron density of 4x1018 m-3. The lowest
value, 2 x 1018 m-3, was obtained using the 30.4-cm
magnet geometry at a field strength of 0.04 Tesla, as

shown in Figure 11. Comparing Figures 10 and 11 it
can be seen that the centerline electron density decreased
with increasing magnet diameter.

Figures 12-14 show electron temperature
measurements for all three geometries at three axial
locations. While the scatter in the measurements was
large, the electron temperature clearly decreased with
increasing axial distance for all cases. The radial
temperature gradients were too small to detect. As
illustrated in Figure 12, the highest electron
temperature, 50,000 K was observed using the 12.7-cm
diameter magnet at 0.14 Tesla. From Figures 13 and
14 it is seen that both the 15.2 and 30.4-cm diameter
magnets yielded centerline electron temperatures of
about 35, 000 X at the reduced field strength of 0.04
Tesla. While not shown in the figures, testing revealed
that the centerline electron temperatures increased as the
magnetic field strength was increased. The highest
temperatures measured using the 15.2 and 30.4-cm
diameter magnets were 45,000 and 35,000 K at a field
strength of 0.14 Tesla, respectively, which are close to
the values shown in Figure 12 for the 12.7 cm magnet.
These findings suggest that the shape of the field plays
a small role in determining the electron temperature.

Plasma Confinement Studies

The plume measurements described above were used to
qualitatively examine the plasma confinement within
the applied magnetic field lines. This was done by
calculating the ionized mass flux enclosed in the flux
tubes defined in Figure 2 at each axial location that
electron density measurements were taken using the
relation:

I'(zy) =2rm; Z.nj(r)vi(r)rjAr 6)
j .

where the indices j and k refer to radial and axial
locations, respectively, and a quasi-neutral, fully ionized
plasma was assumed. The plasma was assumed to be
quasi-neutral since only electron density measurements
were made. The plasma velocity was calculated from
thrust measurements made by Myers!® and assuming a
constant velocity throughout the plume. The flux was
non-dimensionalized by dividing I'(z)) by the enclosed
flux calculated at z=4 cm using:

O(2)=T"(2)/T' (4 cm) &)



and plotted versus the axial distance, The results for the
magnet geometries are shown in Figures 15 and 16 for
low and high applied-field strengths, respectively. No
results are presented for the 12.7 cm magnet at the
lowest field strength because the thruster was unstable.

The results show that the enclosed ionized mass flux

generally increased with axial distance although a
decrease was observed at one axial location with the
15.2-cm diameter magnet. In addition, comparing the
results for the three magnet geometries did not reveal

any clear trends in the behavior of the enclosed mass

flux.

The observed increase in @ with axial distance may be
due to two phenomena. First, because the initial flux
tube radius of 2.1-cm is within the anode radius, mass
from near the anode but initially outside the flux tube
could be entering the flux tube as the field diverges.
This phenomena would indicate that the plasma is not
trapped within the field lines. Second, the true flow
velocity may actually be decreasing with axial distance
in contrast to the assumed constant flow velocity. The
decrease in flow velocity is not inconsistent with
theoretical predictions by Moses, !9 who showed that
substantial momentum loss could result from resistive
detachment of the plasma from the applied field. Note
that in no case did ® decrease continuously with axial
distance, a result which would have indicated that the
plasma density was decreasing more rapidly than the
field lines were diverging. More detailed diagnostics
with velocity probes are required to better document the
ionized flow processes.

Concluding Remarks

A single applied-field MPD thruster geometry was
tested over a wide range of applied-field strengths using
three solenoidal magnet geometries. Measurements of
discharge voltage, anode power deposition, and plume
properties were made in order to assess the dependence
of thruster operation on magnetic field shape. It was
found that the discharge voltage and anode power
deposition depended non-monotonically on the radius of
the applied-field magnet, with the largest magnet
yielding both the lowest discharge voltage and anode
power. The lowest anode power fraction, 66%, was
obtained using the intermediate sized magnet with a
diameter of 15.2 cm at the highest field strength of 0.14
T. The highest anode power fraction of 80% was
obtained using the smallest, 12.7 cm diameter magnet
at a field strength of 0.04 T. These results suggest that
the thruster performance can be optimized by varying

magnetic-field shape. Langmuir probe measurements
of the plume electron density and temperature ranged
from 2 x 1018 to 4 x 1018 and from 35,000 to 50,000 K
on the centerline; respectively. The centerline electron
density decreased with increasing magnet diameter.
Electron temperatures decreased with axial distance for
all cases. The lowest centerline temperature, 35000 K,
was obtained using the 15.2 and 30.4-cm magnet
geometries. Preliminary studies of the plasma flux in
magnetic field flux tubes indicate that the plasma
velocity may be decreasing in the expanding magnetic
field. It was not possible to identify the dependence of
this behavior on the magnetic field shape. Further
investigations of MPD thruster plumes using a wider
range of field shapes and strengths and the use of
velocity probes are needed to quantify these findings.
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Figure 1.—Applied-ﬁeld MPD thruster schematic. Anode and
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of 2.54-cm. Thruster exit plane was even with the solenoid exit
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Figure 4. —Geometry of Langmuir probe and MPD system.
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Figure 10.—A plot of the electron density versus radius for the 15.2

-cm magnet geometry at a field strength of 0.04 Tesla and three

axial locations.
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Figure 12.—A plot of the electron temperature versus radius for
the 12.7-cm magnet geometry at a field strength of 0.14 Tesla
and three axial locations.
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Figure 14.—A plot of the electron temperature versus radius for
the 30.4-cm magnet geometry at a field strength of 0.04 Tesla
and three axial locations.
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0.04 Tesla.
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